INTRODUCTION
============

Radiofrequency (RF) ablation has been successfully used 843to treat various malignant tumors, especially liver tumors ([@B1], [@B2], [@B3], [@B4]). The main strategy for RF ablation of liver tumors is to create a large ablation zone that includes both tumor and surrounding normal liver parenchyma, in order to eliminate microscopic tumor foci ([@B5], [@B6], [@B7]). An electrode is inserted into the central portion of the liver tumor and remains fixed during the entire ablation time.

Recently, RF ablation has been successfully used for both benign thyroid nodules and recurrent thyroid cancers ([@B8], [@B9], [@B10], [@B11], [@B12], [@B13]), using the moving shot technique (MST) which differs from the fixed electrode technique (FET) used in liver tumors. Baek et al. ([@B14]) suggested that the FET was not suitable for the thyroid gland, since unlike the liver, the thyroid gland is a small organ, whereas thyroid nodules are relatively large and ellipsoid in shape. Therefore the treatment strategy of FET, i.e., making a round-shaped ablation zone, is dangerous to the surrounding critical structures in the thyroid gland ([@B14]). To overcome this problem, several studies have proposed MST for RF ablation of thyroid nodules and have achieved successful clinical outcomes ([@B8], [@B9], [@B10], [@B11], [@B12], [@B13], [@B14], [@B15]). Although the efficacy of MST was suggested by clinical studies ([@B8], [@B16], [@B17], [@B18]), comparison of the MST and the FET has not yet been demonstrated.

The purpose of our study was to evaluate the ablation volume according to the serial ablation time by FET and to compare the ablation characteristics of MST and FET in normal bovine liver blocks.

MATERIALS AND METHODS
=====================

This *ex vivo* study was approved by the Institutional Review Board of Asan Medical Center. This study was supported by the STARmed Co. (Goyang, Korea) who provided the required equipment.

Equipment and RF Ablation Procedure
-----------------------------------

We used an 18-gauge, monopolar, modified, internally cooled electrode (VIVA, STARmed, Goyang, Korea) with a 1-cm active tip and a 7-cm shaft length, specifically developed for thyroid lesions ([@B10]). An RF generator (VIVA RF generator, STARmed, Goyang, Korea) and a peristaltic pump (VIVA pump, STARmed, Goyang, Korea) were also used. The pump continuously infused the cold saline solution (0℃) into the lumen of the electrodes so as to maintain the temperature of the electrode at \< 20℃.

We used freshly excised bovine liver blocks. The liver blocks were exposed to room temperature for more than two hours. The temperature of tissue before ablation ranged from 22 to 26℃. The study procedure had 2 parts: 1) evaluation of the ablation volume according to the serial ablation time by FET; and 2) comparison of ablation characteristics of the MST and FET at 1- and 2-minutes of ablation time. Ablation was performed in both groups using 50 watts of RF power with a pulsing mode.

RF Ablation According to the Serial Ablation Time Using the FET
---------------------------------------------------------------

We performed RF ablation on 110 freshly excised bovine liver blocks. The livers were cut into 6 × 6 × 6-cm^3^ blocks ([@B19]) that were dipped into a 20 × 20 × 50-cm^3^ saline-filled bath at room temperature. A dispersive metallic pad (20 × 15 cm^2^) was attached to the lateral wall of the bath. The tip of the electrode was inserted into the liver to a depth of 2 cm, and the electrode was fixed during the ablation. We checked tissue impedance after insertion of the electrode. The ablation time ranged from 5 seconds to 5 minutes (5, 10, 20, 30, 40, 50, 60, 120, 180, 240, and 300 seconds).Ten liver blocks were obtained for each ablation time. RF ablation was feasible in all *ex vivo* studies. Ablation time \> 5 minutes frequently causes the RF cut-off phenomenon, hence the ablation duration in this study was limited to 5 minutes.

RF Ablation Using the Moving-Shot Technique
-------------------------------------------

We performed additional RF ablation using MST under ultrasound guidance on 20 freshly excised bovine liver blocks. The livers were cut into multiple, 10 × 10 × 10-cm^3^ blocks that were placed on a dispersive metallic pad (20 × 15 cm^2^). An operator with 10 years of clinical experience performing thyroid RF ablation, performed the RF ablation by MST ([@B8], [@B10], [@B11], [@B14], [@B20]). The electrode tip was initially positioned in the deepest (2.5-3.0 cm) portion of the liver tissue and ablation was then begun. The electrode tip moves slowly but continuously in order to prevent the RF cut-off phenomenon. When an echogenic area was detected at the tip of the electrode, we pulled the electrode tip along the long axis of the electrode, up to 3-4 cm in length. The electrode tip was then superficially re-positioned in the direction of DT2 (described in the measurement of ablation size and volume) and pulled along the long axis of the electrode again. After 3-4 repeated movements in the direction of DT2, we repositioned the electrode tip in the DT1 direction (described in the measurement of ablation size and volume) and we pulled the electrode tip along the long axis of the electrode again. Ten liver blocks were used for each ablation time of 1- and 2-minutes.

Measurement of Ablation Size and Volumes
----------------------------------------

Following ablation the liver blocks were cut along the longitudinal plane passing through the longitudinal axis of the electrode (longitudinal plane, L-plane); the blocks were then cut transversely and perpendicular to the L-plane at the center of the ablation zone (transverse plane, T-plane). Two investigators measured the volume of the ablation zone. We measured the vertical diameter (DV) along the electrode, in the L-plane ([Fig. 1A](#F1){ref-type="fig"}). In the T-plane, we measured the transverse diameter (DT1) perpendicular to the DV in the L-plane and another transverse diameter (DT2) in the T-plane ([Fig. 1B](#F1){ref-type="fig"}). The ablated white area was defined as the ablation zone which reportedly corresponds to the zone of coagulation necrosis ([@B21], [@B22], [@B23], [@B24], [@B25], [@B26]). The volume of the ablation zone was approximated using the following formula ([@B27]): Volume = π·(DV × DT1 × DT2)/6 ([@B28]).

Statistical Analysis
--------------------

We performed statistical analyses using the commercially available software (SPSS-PC, version 12.0; SPSS Inc., Chicago, IL, USA). We used the Kruskal-Wallis test to evaluate the difference of impedance before and during the ablation, and compared the variables, i.e., DV, DT1, DT2, and the ablation volume, among 11 serial ablation groups (5-300 seconds) with FET. We performed the post hoc test with Bonferroni correction, if statistical significance was detected. The variables of FET and MST were compared by selecting only 1- and 2-minutes ablations among the 11 serial ablation groups of FET (5-300 seconds) and the 1- and 2-minutes ablations by MST. We used the Mann-Whitney test to compare the variables, i.e., true ablation time (total ablation time-cut-off time); number of RF cut-offs; applied energy; DV, DT1, DT2; and the ablation volume, of the moving shot and the fixed electrode group. A 2-sided *p* value \< 0.05 was considered as statistical significance.

RESULTS
=======

RF Ablation According to the Serial Ablation Time Using the Fixed Electrode Technique
-------------------------------------------------------------------------------------

The impedance of the liver blocks for each ablation time (5-300 seconds) was not significantly different before ablation (*p* = 0.891) ([Table 1](#T1){ref-type="table"}). The impedance of each group during the ablation showed a significant difference (*p* \< 0.001), although the post hoc test showed no significant difference (*p* = 0.594) ([Table 2](#T2){ref-type="table"}). RF cut-off was not detected in the ablation groups in \< 30 seconds.

The size (DV, DT1, and DT2) and volume of the ablation zone increased significantly according to the ablation time (*p* \< 0.001) ([Table 1](#T1){ref-type="table"}). In the post hoc test, DT1, DT2, and the volume of the ablation zone increased significantly up to 30 seconds, although there was no statistical significance after 30 seconds ([Fig. 2](#F2){ref-type="fig"}). The DV did not increase significantly in the post hoc test in any of the study specimens ([Table 2](#T2){ref-type="table"}).

Comparison of the Moving Shot and the Fixed Electrode Techniques
----------------------------------------------------------------

A comparison of the variables of the MST and the FET were summarized in [Table 3](#T3){ref-type="table"}. The first RF cut-off in the FET was detected in all specimens between 32-52 seconds (mean ± standard deviation \[SD\], 40.3 ± 6.5 seconds) and lasted for 8-11 seconds (mean ± SD, 9.8 ± 0.6 seconds) ([Fig. 3A](#F3){ref-type="fig"}). Drops in RF current and sudden elevations of impedance were detected at the corresponding time. A second RF cut-off was detected in 6 specimens in the 1-minute group. However, the MST showed no RF cut-off in either the 1- or the 2-minute group ([Fig. 3B](#F3){ref-type="fig"}).

The MST achieved longer mean true RF times as compared with the FET (46.7 ± 4.6 seconds vs. 60 seconds in 1-minute, *p* \< 0.001; 64.8 ± 4.6 seconds vs. 120 seconds in 2-minute, *p* \< 0.001, respectively), fewer mean numbers of RF cut-off (1.6 ± 0.5 vs. 0 in 1-minute, *p* \< 0.001; 5.5 ± 0.5 vs. 0 in 2-minute, *p* \< 0.001, respectively) and more mean energy deposition (2050.16 ± 209.2 J vs. 2677.76 ± 83.68 J, *p* \< 0.001; 2970.64 ± 376.56 J vs. 5564.72 ± 5439.2 J, *p* \< 0.001, respectively). Therefore, the MST achieved a significantly larger ablation volume zone than the FET at 1-minute (1.1 ± 0.2 mL vs. 2.7 ± 0.3 mL, *p* \< 0.001) and 2-minute ablation time (1.4 ± 0.2 mL vs. 5.6 ± 0.4 mL, *p* \< 0.001) ([Table 3](#T3){ref-type="table"}).

DISCUSSION
==========

Our results demonstrated that the ablation volume achieved with FET gradually increased with increasing ablation time; however, the pair-wise statistical comparison between 2 neighboring ablation time lengths was not significant after 30 seconds. These results possibly indicated that an ablation longer than 30 seconds with the electrode fixed in the same position would not effectively increase the ablation volume. Rather, moving the electrode after 30 seconds could more effectively create a large ablation volume. The MST achieved a significantly larger ablation volume during both 1- and 2-minutes of ablation on comparison of the 2 techniques.

The volume increase after 30 seconds was not significant at any time interval in this study. This phenomenon could be explained by 2 factors. The first is the RF cut-off phenomenon. RF cut-off was first detected at 32-52 seconds after ablation and was more frequently encountered after 1-minute. Drops in the RF current and sudden elevations of impedance were detected at each corresponding time. These RF cut-offs denoted the cooling period that prevents tissue carbonization near the electrode tip. The second factor is the type of heat involved. The conventional ablation procedure, i.e., the FET, is achieved by both friction and conduction heats ([@B14], [@B29]). Friction heat creates immediate tissue necrosis by agitation of tissue ions; however, an ablation zone achieved by friction heat is only a few millimeters in size ([@B29]). Therefore, the majority of tumor tissue remote from the electrode is ablated more slowly by conduction heat, which increases the duration of the RF ablation to 10-30 minutes ([@B5], [@B6], [@B29]). Conduction heat is also affected by several factors such as perfusion-mediated tissue cooling and tissue characteristics ([@B5], [@B7], [@B14], [@B29]), thus leading to an unpredictable ablation zone. Friction heat is fast, powerful, and creates a more consistent ablation zone. Our study suggested that an ablation zone within 30 seconds of ablation time was achieved mainly by friction heat.

The FET group showed frequent RF cut-off after 30 seconds when compared the MST, which resulted in reduction of both the true ablation time and the ablation zone. We moved the electrode tip before the RF cut-off appeared with the MST, hence majority of tissue could thus be treated by friction heat without RF cut-off. Therefore, the MST achieved a significantly larger ablation zone than the FET during both, the 1- and 2-minutes of ablation. The optimal time for moving the electrode was within 30 seconds in this study.

Radiofrequency ablation of liver tumors is performed by fixing the electrode in position during the entire ablation time. Thus, a round ablation zone, including normal liver tissue, is obtained; however, thyroid nodules are usually ellipsoidal in shape and there is an insufficient safety margin as the thyroid gland is relatively small ([@B14]). Therefore, fixation of an electrode for a long time is dangerous to surrounding critical structures in the thyroid gland ([@B14], [@B17]). Many investigators have therefore proposed the MST for the treatment of benign thyroid nodules ([@B9], [@B14], [@B15], [@B20], [@B30], [@B31], [@B32]). This technique is regarded as safe for treating nodules with an ellipsoidal shape and has also revealed effective clinical results. RF ablation using the MST showed 44-81.9% of volume reduction in treated nodules at the 6-month follow-up and 93% at the 4-year follow-up. The complication rate was 3.3% in a multicenter study ([@B14], [@B17], [@B20]). However, the underlying mechanisms of the MST are as yet unclear. Our study suggested the plausible mechanisms and effectiveness of the MST compared to the FET. The collective findings from this experimental study together with previous clinical results, suggest that the MST is to be used in non-round-shaped tumors and tumors near critical structures.

Our study had several limitations. Firstly, application of the *ex-vivo* study data to *in-vivo* situations could result in different outcomes. Secondly, we performed this study in the bovine liver tissue, however, liver and other tissues such as thyroid could show different results. However, since it was not practical to obtain bovine thyroid tissue, we compared the ablation characteristics between the MST and FET in bovine liver blocks. Thirdly, we performed visual estimation of ablations aside from histological confirmation. Previous histological studies showed that it was difficult to clearly distinguish a distinct line between non-viable and viable cells. There is a \"gray zone\" between coagulative necrosis and viable cells, which indicates that many cells will undergo apoptosis and some cells will remain viable. Fourthly, we did not evaluate the shape of the ablation zone and the roundness index. However, the ablated zone was a smooth and oval shape in most cases. Interobserver variability is also required to be evaluated in the future.

In conclusion, our study demonstrated that the MST for the electrode tip during ablation could achieve a larger ablation volume by preventing RF cut-off, as compared with the FET.

![Measurement of ablation zone.\
**A.** On longitudinal plane, we measured vertical diameter (DV) along electrode. **B.** On transverse plane, we measured transverse diameter (DT1) perpendicular to DV in L-plane and another transverse diameter (DT2) in T-plane.](kjr-15-836-g001){#F1}

![Relationship between ablation volume and time using fixed electrode technique. Ablation volume gradually increased with increasing ablation time; however, pair-wise statistical comparison between 2 neighboring ablation time lengths was not significant after 30 seconds.](kjr-15-836-g002){#F2}

![Graphs of radiofrequency (RF) power, current, impedance, and temperature during 2-minute ablation using fixed electrode and moving-shot techniques.\
**A.** With fixed electrode technique, power graphed over time demonstrates that first RF cut-off appears at 33 seconds (arrow) and 6 RF cut-offs times (arrows) were detected during 2-minute ablation procedure. Drops of RF current and sudden increases of impedance were detected in corresponding area. These RF cut-offs denote cooling period that serves to prevent tissue carbonization near electrode tip. Total energy deposition was 0.68 kcal. **B.** With moving shot technique, RF power is maintained at approximately 50 watts during entire ablation procedure (arrows). Moving electrode tip could prevent RF cut-off, and total energy deposition was 1.32 kcal.](kjr-15-836-g003){#F3}

###### 

Variables Before, During, and After Ablation According to Serial Ablation Time Using Fixed Electrode Technique

![](kjr-15-836-i001)

**Note.**- ^\*^Impedance before ablation, ^†^Impedance during ablation (mean ± standard deviation). DT1 = transverse diameter, DT2 = another transverse diameter, DV = vertical diameter

###### 

Results of Post-Hoc Test for Variables during Ablation According to Serial Ablation Time

![](kjr-15-836-i002)

**Note.**- ^\*^Impedance during ablation, *p* \< 0.005. DT1 = transverse diameter, DT2 = another transverse diameter, DV = vertical diameter

###### 

Comparison of Variables of Moving Shot and Fixed Electrode Technique
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**Note.**- ^\*^Total ablation time-cut-off time. DT1 = transverse diameter, DT2 = another transverse diameter, DV = vertical diameter
